Abstract. Brushless doubly fed machine has reliable structure, low system cost, and advantages of outstanding application. BDFM achieves electric energy exchange depending on the effective magnetic field components, which leads to some problems of unbalanced radial electromagnetic force, vibration and noise. On the basis of analyzing the mechanism of radial electromagnetic force, the analytical method and finite element method are used to analyze the magnetic field of air gap. Take 4/2 pole and 8/4 pole as the example, the radial electromagnetic force of different pole numbers are obtained by means of tangential magnetic field component. The conclusions are useful for the development and design of brushless doubly fed machine.
Introduction
Brushless Doubly Fed Machine (BDFM) has the advantages of simple structure, reliable operation, small capacity of inverter, and it has a wide application prospect in variable speed constant frequency power generation system [1, 2] . In recent years, domestic and foreign scholars have made a lot of research on the body structure, parameter calculation, stability analysis and intelligent control method of Brushless Doubly Fed Machine [3, 4] , and make great progress in the process of industrialization.
The BDFM stator is embedded with two sets of windings with different number of poles. The power winding and the control winding are connected respectively. When the BDFM is running, the power winding is directly connected with the power grid. However, the control winding is connected with the power grid through the inverter. The two sets of stator windings of the BDFM are coupled by the magnetic field modulation of the special rotor to realize the electromechanical energy exchange.
The rotor type of the BDFM is mainly divided into cage rotor, magnetic reluctance rotor, barrier rotor, etc. The advantage of the cage rotor is that a rotor manufacturing process similar to that of a conventional induction motor can be used. The disadvantages are that the current in the cage is depleted and the coupling capacity is not ideal. Magnetic reluctance rotor modulate magnetic field depend on the different air gap magnetic, the rotor does not exist current, so there is no rotor copper loss. There are three main types of reluctance rotor [5] [6] [7] [8] , which are the common salient pole reluctance rotor, anisotropic axial laminated reluctance rotor and radial laminated rotor. The manufacturing technology of the common salient pole rotor is simple, but the magnetic field modulation capability is poor. The anisotropic axial laminated reluctance rotor improves the magnetic field modulation ability, but the manufacturing process is complicated. In order to overcome the disadvantage of axial anisotropic laminated magnetic barrier rotor, Ohio University adopts a radial laminated magnetic barrier rotor. This rotor simplifies the manufacturing process while reducing eddy current losses and improving operational efficiency. The developed 6/4 pole experimental prototype proves that it has high operation efficiency; therefore, the larger radial electromagnetic force makes higher vibration and noise of the BDFM.
The main reason for the occurrence of vibration noise is due to the unbalanced radial magnetic force generated during the operation of the motor [9] . In this paper, we study the distribution law of radial magnetic tension of BDFM, and analyze its influencing factors. The radial electromagnetic force of two typical BDFM is analyzed. We also need to solve some key issues of promoting the application of BDFM.
Analysis of Radial Electromagnetic Force of BDFM
According to the theory of motor design, it can be seen that the air gap flux density of the motor can be decomposed into radial flux density and tangential flux density. Radial flux on the rotor produced a tangential electromagnetic force, resulting in electromagnetic torque, to achieve the transmission of electromechanical energy. Radial magnetism on the rotor produced a radial electromagnetic force, which is subjected to radial action. Unbalanced radial electromagnetic force will produce the vibration and noise of BDFM, and damage to the mechanical structure of the BDFM. There are two kinds of magnetic field in the air gap of BDFM. The magnetic flux density of the air gap is asymmetrically distributed along a circle, resulting in the imbalance of the radial electromagnetic force. Therefore, it is very important to study the radial electromagnetic force of BDFM.
The radial electromagnetic force of a conventional AC motor is symmetrical along a circle of the rotor. Without exceeding the mechanical strength of the rotor, the radial electromagnetic force is counteracted along a circle of the rotor and does not produce unbalanced effects. For the BDFM, since the air gap magnetic density is asymmetric along the air gap circumference, the radial magnetic force generated by the radial flux density at each point on the air gap circumference is asymmetric. Therefore, it may produce a large unbalanced electromagnetic force, which will cause the motor to produce greater vibration and noise. The key to the study of electromagnetic force is to calculate the air gap magnetic field of the motor. We decompose the calculated air gap and then get the air gap magnetic close component, and finally calculate the radial electromagnetic force. The air gap magnetic field of the BDFM is made by two magnetic fields with different poles. In addition to useful harmonics, there are other useless harmonics. Complex air gap flux increases the difficulty of solving the radial electromagnetic force. In this paper, we use theoretical analysis and finite element analysis to study the effect of radial electromagnetic force on BDFM. And we try to reduce or avoid the effect of radial electromagnetic force when designing the motor.
Theoretical Derivation of Radial Electromagnetic Force Neglecting Harmonic Effect
Before making the theoretical derivation, we made some assumptions. Assuming the air gap magnetic field of the BDFM is a linear superposition of two stator windings, and each set of windings is assumed to be sine wave, harmonic effects are ignored. The air gap magnetic confinement component of the power winding is expressed as:
In the formula, 
According to Maxwell's law, the instantaneous value of the radial force per unit area in the air gap of the motor can be expressed as:
) , ( n t B  is the instantaneous value of the radical magnetic confinement component at a point in the air gap.
According to (1), (2), (3), we can know:
Therefore, the radial electromagnetic forces in the x, y directions are: 
As the number of pole pairs of stator power winding is greater than the control winding. According to (5) and (6), when (8) According to (7) and (8), only considering the air gap magnetic flux between the power winding and the control winding, if the number of pole pair between the two sets of windings difference at least 1, the electromagnetic force of the angular velocity ω p -ω c is produced. In particular, if the frequency of the power winding is same as the control winding, an electromagnetic force along the fixed direction will be generated. In order to avoid a large radial electromagnetic force, the stator pairs of windings of the pole pairs should meet p p -p c ≥2.
Finite Element Analysis of Radial Electromagnetic Force Considering Harmonic Effect
According to the above theoretical analysis, when the pole number of the power winding and control winding difference at least 2, radial electromagnetic force is zero. However, during the operation of the BDFM, the air gap magnetic flux density is very complex. Decomposing the radical component of air gap magnetic flux density by fourier decomposition, we can see that except for the same number of magnetic fluxes as the two stator windings, there are also some harmonic components that are not conducive during the energy exchange. Therefore, even if the pole number of power and control winding difference at least 2, BDFM still produce unbalanced unilateral magnetic pull forces. It is important to consider the influence of the number of pole pairs and salient poles on the radial electromagnetic force.
The finite element analysis method can be used to analyze the running process of BDFM accurately. Fieldcoupled finite element analysis method is used. Motor radial electromagnetic force has horizontal component F x and vertical component F y , which can be expressed as:
l ef is the length of the core, φ is the mechanical position angle along the air gap for a circle, f σ (φ,t) is the radial electromagnetic force on the unit area of φ at the air gap radius, l is the arc length corresponding to the position angle φ,r is the average air gap radius, x and y represent the label of the horizontal and vertical components.
In the operation of the BDFM as the motor, the finite element analysis method can be used to calculate the air gap flux density B (φ, t) at each point in the closed circumference of the air gap. And then decompose it into radial components B n (φ, t), as shown in Figure 1(a) . As shown in the figure 1(b) , along the entire air gap circumference, sampling points are selected which could calculate the radial electromagnetic force. If we decompose electromagnetic force into horizontal and vertical components, the horizontal and vertical components of the electromagnetic force at each sampling point are superposed to obtain the horizontal and vertical quantities. According to the parallelogram law, the synthetic value of radial electromagnetic force can be obtained. 
In the formula (12), the φ k is the position of the kth harmonic along the air gap, B nk (φ, t) is the air gap magnetic confinement component of the kth point, Fx is the synthetic value of the horizontal component of the radial force of each point, F y is the synthetic value of the vertical component of the radial force of each point, F total is the synthetic value of the radial electromagnetic force for all points.
Using the finite element analysis method, the brushless doubly-fed machine with different number of poles and different number of salient poles is used as the generator running state and the resistive load is run. After the stable operation, the tangential force of the air gap. Then the radial electromagnetic force distribution law along the air gap is calculated according to Eq (12). A number of typical poles were selected, which are 4/2 and 8/4, finite element model are shown in Figure 2 .
In order to compare the effects of radial electromagnetic force in different situations, The motor stator uses the same structural dimensions, the stator slot number is 72, the stator outer diameter is 600mm, the stator inner diameter is 445mm, the core is 580mm. Brushless doubly-fed motor running in the supersynchronous power generation state, and with a pure resistive load half-load operation. The excitation current is the same,the magnitude of the calculated air gap is close to each other. In this case, bycomparing the size of the radial electromagnetic force, it can reflect the influence of the number of poles on the radial electromagnetic force of the brushless dual motor.
The finite element analysis of the given conditions: the rotor given the speed of 1400r/min, the control winding into the 60A, 20Hz sinusoidal AC, according to the brushless doubly-fed motor speed and frequency of the expression, the power winding produced 50Hz AC, and then with pure resistive load operation. Through the finite element analysis and calculation, the 4/2 brushless doubly-fed machine is used to calculate the size of the air gap flux and the tangential component during the power generation operation, as shown in Fig.3 Magnetic flux density distribution and radical components of BDFM are shown in Figure 3 , the air gap magnetic field has obvious asymmetry, air gap magnetic component is not symmetrical. the distribution of the radial electromagnetic force along the circumference of the air gap are obtained, as shown in Figure 4 . It can be seen that the radial electromagnetic force along the circumference of the air gap and the force at the point of 180 mechanical angles are not algebraic and not zero, which produces unbalanced unilateral magnetic tension in terms of the rotor. As can be seen from figure 4, the average unilateral magnetic pull force of 4/2 pole BDFM is 12 kN, which is lager than the 8/4 pole BDFM. Higher magnetic pull force will produce greater vibration and noise, and cause mechanical damage to the BDFM. The value of several typical moments of the radial electromagnetic force of the different poles are shown in Table 1 . Figure 4 and Table 1 can clearly be seen the number of pole with the radial electromagnetic force on the law, the conclusions are following:
(1)When the difference between the two sets of stator windings is less than or equal to 2, the unilateral magnetic pull force generated during the operation is very large.
(2) radial electromagnetic force is gradually smaller With the brushless doubly-fed machine equivalent pole numbers.
(3) When the number of salient poles is odd, the brushless doubly-fed motor will produce a large unbalanced magnetic tension, especially when the number of salient poles is small, the unilateral magnetic pull force is greater.
(4) for avoiding the generation of unbalanced radial If you consider the application requirements of the motor speed is low, 12/8 pole number is also a good choice.
Conclusions
(1) Brushless doubly-fed motor two sets of stator winding frequency difference is less than or equal to 2, which produce a large unilateral magnetic pull, causing greater vibration and noise, which have been avoided during the design.
(2) The more polar poles of brushless doubly-fed motors, the smaller the radial electromagnetic force.
(3) When the number of salient poles of the brushless doubly-fed machine is odd, a large unilateral radial electromagnetic force is generated, and the number of salient poles is even when the radial electromagnetic force is smaller, resulting in the vibration and noise of the motor small.
(4) From the perspective of avoiding unbalanced radial electromagnetic force, the relatively good number of poles is 8/4, 6/2, 12/8 and so on.
